Abstract: This study investigates the runoff-sediment relationship (RSR) of the Weihe River, a sandy waterway originating from the Loess Plateau, and considers the potential variations in RSR under an evolving environment. The double mass curve method was used to investigate RSR inflection points at six hydrologic stations located in the Weihe River basin (WRB) spanning the period from 1956 to 2010. Because of its ability to accurately define nonlinear and asymmetric correlations between variables, the Copula function provided the joint probability distributions and revealed the joint probabilities of annual runoff and sediment yield through different periods. The results indicated: (1) The sediment yield and runoff exhibit decreasing trends, which was principally related to human activity such as soil and water conservation measures, water projects and industrial and domestic water use, (2) the RSR inflection points principally occurred around 1983 at the Weijiabu, Xianyang, Huaxian and Zhuangtou stations, whereas they were non-significant at the Linjiacun and Zhangjiashan stations. Changes in RSR are attributed to the irregular effect of human activity reducing the runoff and sediment output; and (3) the joint probability distributions of annual runoff and sediment yield varied under an evolving environment and were characterized by spatial variability, which is more evident in the mainstream areas of the Weihe River than in the tributary regions.
Introduction
The Runoff-Sediment Relationship (RSR) relates to water and soil resource planning and management, the construction and operation of hydraulic infrastructures and the evolution of the watershed system [1] [2] [3] . In recent years, considerable research has been conducted on variations in runoff and sediment deposition throughout the globe [4, 5] . For instance, Dunjó et al. (2004) [6] investigated the effect of land use and land cover on the variations of runoff and sediment yield at a micro level. Zhang et al. (2008) [7] applied the wavelet approach to analyze the periodicity of runoff and sediment load in the Yangtze River basin. Mayor et al. (2011) [8] established empirical relationships for runoff and sediment yields in different vegetation covers present in a semi-arid Mediterranean catchment. Gebremicael et al. (2013) [9] investigated long-term variations of runoff and sediment fluxes in the upper Blue Nile River. Nadal-Romero et al. (2015) [10] studied the correlation between runoff, sediment, weather change and soil erosion in small catchments and experimental land plots of the Iberian Peninsula. Tian et al. (2015) [11] detected the inflection point of runoff and sediment yield in the Beiluohe River basin and applied the linear regression method to decipher the runoff-sediment relationship during different periods of flooding. However, few studies investigated the long-term evolution rule of RSR in large basins and the synchronous-asynchronous joint probabilities of high-low runoff and sediment yield under the changing environment [12] [13] [14] which influence the coordinative distribution of water and sediment in sandy rivers.
The Copula function has been widely used in recent years to study the synchronous-asynchronous joint probabilities of hydrologic variables due to its ability to accurately predict nonlinear and asymmetric correlations and allow different marginal distributions [15] [16] [17] . Grimaldi and Serinaldi (2006) [18] used the asymmetric Copula function to investigate the correlation among peak, volume and duration of a flood event. Zhang and Singh (2007) [19] analyzed the trivariate flood frequency in the Amite River basin using the Gumbel-Hougaard Copula function. Yan and Chen (2013) [20] investigated the synchronous-asynchronous joint probabilities of high-low precipitation for the Middle Route of South-to-North Water transfer project in China. Mazouz et al. (2012) [21] analyzed the correlation of duration, timing, frequency and variability of maximum magnitude spring flows to detect any change related to climate warming.
The Weihe River flows from the Loess Plateau of Northern China and is the largest tributary of the Yellow River. This sandy river shows a complex RSR under changing environmental conditions. Furthermore, variations in water flow and sediment yield produced negative effects on its ecological development and flood control [11] . The principal objectives of this paper are to (1) explore the trends of annual runoff and sediment; (2) detect the inflection point(s) in the RSR; and (3) analyze the synchronous-asynchronous joint probabilities of high-low runoff and sediment yield above and below the RSR inflection point(s).
Study Area and Dataset

Study Area
The Weihe River (104-110˝E, 33-37˝N) is 818 km long with a drainage area of 134,800 km 2 . It is a seasonal sandy river located in a semi-humid to semi-arid transitional climatic zone (Figure 1 ). Mountainous and plain areas constitute 84% and 16% of the total WRB, respectively. In 2005, the cultivated and forest land areas reached 38.15 and 39.60 thousand km 2 , respectively. The Weihe River originates from the mountains of the southern Gansu Province and flows through 502 km of the Shaanxi Province. It is the primary water supply for 0.93 million hm 2 of fertile land in the Guanzhong Plain and supports more than 61% of the Shaanxi province's population. The south bank of Weihe River lies in the granitic area of the northern Qinling Mountains slope and is one of the three main sources of flooding in the mid-lower reaches of the Yellow River. The main lithology is granite in this region. The north bank is located in the hilly area of Loess Plateau dominated by shales. The loose soil and poor vegetal cover makes the Loess Plateau the primary sediment source of the Weihe and Yellow River basins. Deep loess blankets most sections of the WRB, with cinnamon and brown-colored soil being the dominant layers of the northern and southern basins. The mean annual natural runoff calculated by the hydrology bureau of the Yellow River Conservancy Commissions that is less impacted by human intervention is 10.4 billion m 3 and forms 17.3% of the Yellow River's total discharge. The July and October runoff yields approximately 65% of the mean annual runoff. During the last 50 years, the runoff in Weihe River has dramatically decreased; principally in the late 1990s when the average was only 3.60 billion m³ compared to 6.20 billion m³ in the 1950s [22, 23] . The mean annual sediment contribution of the Weihe River to the Yellow River is 390 billion kg, and in the flood season occurring between June-September it reaches approximately 90% of the mean annual sediment yield [4] . The average sediment yield in the 2000's was reduced to 160 billion kg, principally due to human activity and climate change, compared to 680 billion kg in the 1950's [24] . 
Dataset
Fifty-five years of records of annual runoff and sediment yield (from 1956 to 2010) were obtained from six gauging stations throughout the WRB, including Linjiacun, Weijiabu, Xianyang and Huaxian stations located in the mainstream WRB, and Zhangjiashan and Zhuangtou stations in the Jinghe and Beiluohe River basins, respectively. These data series were provided by the hydrology bureau of the Yellow River Conservancy Commission (Figure 1 ), which has the main responsibility of monitoring, collecting and disseminating hydrological information on the Yellow River basin. The data quality of runoff and sediment was strictly controlled before the data were released.
Methodology
The Double Mass Curve Method
The double mass curve method proposed by Merriam (1937) [25] is a simple and practical method widely used for testing long-term shifts in hydrological and meteorological components. Searcy et al. (1960) [26] provided detailed analyses of this method and applied it to check the consistency of the precipitation, streamflow and sediment. The theory of the double-mass curve is based on the fact that a graph of the cumulation of one quantity against the cumulation of another quantity during the same period will plot as a straight line so long as the data are proportional; the slope of the line will represent the constant of proportionality between the quantities. A break in the slope of the double-mass curve means that a change in the constant of proportionality between the two variables has occurred or perhaps that the proportionality is not a constant at all rates of cumulation. If the possibility of a variable ratio between the two quantities can be ignored, a break in the slope indicates the time at which a change occurs in the relationship between the two quantities. The difference in the slope of the lines on either side of the break in the slope indicates the degree of change in the relationship [26] .
The Archimedean Copula Function
Given two random variables X and Y and a corresponding vector of bivariate observations {xi,yi} (I = 1,…,n), where n is the sample size, let F(x) and G(y) be their marginal distributions and H(x,y) the cumulative joint distribution function. If F(x) and G(y) are continuous, then there is a unique copula Cq (u,v) [27] , such that H can be written as Equation (1), where q is a parameter vector and u = F(x) and v = G(y). 
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Assuming F(x) and G(y) are continuous, the joint probability density function can be written:
where f (x) and g(y) represent the density functions and C 12 can be defined by:
In hydrology research, Archimedean copula functions are widely used because the explicit functional forms, including the Clayton, Frank, and Gumbel-Hougaard copulas, are flexible and allow differences in tail behavior [17] . Three Copulas functions used in this study are shown in Table 1 . Table 1 . Three common Archimedean copula functions in the field of hydrology research.
Archimedean Copula
C q pu, vq Range
Estimating the parameter q is the key to generate a Copula function. There are several methods to estimate copula parameter(s) such as functions for margins (IFM), exact maximum likelihood (EML), and canonical maximum likelihood (CML) methods [28] . The IFM and EML methods require preliminary or simultaneous estimation of the marginal distributions and are prone to marginal misspecification, whereas the CML method, which we adopted in this study, relies on the empirical marginals and can be applied independently of marginal specification. Details of the CML method can be found in [28] .
The goodness-of-fit for copula functions is assessed by employing the Cramér-von Mises test statistic Sn. The approximate p-value for the test statistic is computed using a parametric bootstrapping approach [29, 30] . Large p-values indicate that there is no evidence to reject the null hypothesis and the model can be used as a possible candidate to describe the data [31] .
The Combinations of High-Low Runoff and Sediment
The Copula function is applied to investigate the joint probabilities of different scenarios of high-low annual runoff and sediment yield. Table 2 presents nine possible scenarios determined by the frequency of pf = P(X ě x) = 25% and pk = P(X ě x) = 75%, respectively, where P(X ě x) denotes the probability of event X ě x. Table 2 . The combinations of high-low annual runoff and sediment yield.
L P´R ď r pk , S ě s p f¯P´R ď r pk , s pk ă S ă s p f¯P´R ď r pk , S ď s pkN otes: R, runoff; S, sediment yield; RH, RN and RL are the high, normal and low runoff respectively; SH, SN and SL mean the high, normal and low sediment yield respectively; r pf (s pf ) denotes the high runoff (sediment) determined by the frequency of 25%;. r pk (s pk ) means the low runoff (sediment) determined by the frequency of 75%.
Results and Discussion
Variations in Annual Runoff and Sediment
Long-term variations in annual runoff and sediment yield from six gauging stations along the WRB and spanning the 1956-2010 period are shown in Figure 2 . Overall, all gauging stations display a broad decrease with time in annual runoff and sediment yield. Note the period from 1956 to 1970 witnessed a peak in runoff and sediment yield, whereas from 1970 to 1996, the WRB experienced normal runoff and sediment yield. However, there was a strong decrease in runoff and sediment yield from 1996 to 2014, which is more pronounced from 1996 to 2002. 
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Long-term variations in annual runoff and sediment yield from six gauging stations along the WRB and spanning the 1956-2010 period are shown in Figure 2 . Overall, all gauging stations display a broad decrease with time in annual runoff and sediment yield. Note the period from 1956 to 1970 witnessed a peak in runoff and sediment yield, whereas from 1970 to 1996, the WRB experienced normal runoff and sediment yield. However, there was a strong decrease in runoff and sediment yield from 1996 to 2014, which is more pronounced from 1996 to 2002. Prior research has been conducted to explain the causes of decreasing runoff and sediment yield in the WRB [4, 22, 32] . These studies concluded that climate change, especially the variations in precipitation and anthropogenic activity, were the main culprits. Precipitation and human activity have had a different effect on runoff and sediment yield throughout the years. The consensus is that human activity related principally to soil and water conservation measures, tied to the construction of large/medium-sized multipurpose water control projects, generated an increasing demand for water resources since the 1970's. Table 3 presents the decrease in runoff and sediment yield from the 1960's to the 1990's at the Huaxian station related primarily to anthropogenic activity. The data reveal a 300% decline in runoff and sediment yield from soil and water conservation programs from the 1970's to the 1990's relative to the 1960's. Water projects, such as reservoirs and dams, disturb the runoff by increasing the evaporation, the drinking water supply and the agricultural irrigation while Prior research has been conducted to explain the causes of decreasing runoff and sediment yield in the WRB [4, 22, 32] . These studies concluded that climate change, especially the variations in precipitation and anthropogenic activity, were the main culprits. Precipitation and human activity have had a different effect on runoff and sediment yield throughout the years. The consensus is that human activity related principally to soil and water conservation measures, tied to the construction of large/medium-sized multipurpose water control projects, generated an increasing demand for water resources since the 1970's. Table 3 presents the decrease in runoff and sediment yield from the 1960's to the 1990's at the Huaxian station related primarily to anthropogenic activity. The data reveal a 300% decline in runoff and sediment yield from soil and water conservation programs from the 1970's to the 1990's relative to the 1960's. Water projects, such as reservoirs and dams, disturb the runoff by increasing the evaporation, the drinking water supply and the agricultural irrigation while enhancing the deposition of sediment in reservoirs. The rapid regional economic development from the 1960's to the 1990's enhanced the runoff decrease brought about by gradual expansion of industrial and domestic water use. Decrease in sediment yield and runoff in the 1990's caused by human activity was 19.26% and 65.04%, respectively. Note: S and R denote sediment yield and runoff, respectively. The data were collected from [33, 34] .
Detection of RSR Change Points
The double mass curve method is applied to detect the RSR inflection points in the WRB. Figure 3 presents the cumulative plot of the mass of annual runoff and sediment yield provided by the six gauging stations accompanied by the best linear fit. The inflection point in RSR is given by the changing slope determined by the best linear fit above and below the inflection point. Each plot presents the best two linear correlations separated by the inflection point. All correlation coefficients are >0.9 and the slopes of the linear equations below the inflection point are commonly higher than that above. Note: S and R denote sediment yield and runoff, respectively. The data were collected from [33, 34] .
The double mass curve method is applied to detect the RSR inflection points in the WRB. Figure  3 presents the cumulative plot of the mass of annual runoff and sediment yield provided by the six gauging stations accompanied by the best linear fit. The inflection point in RSR is given by the changing slope determined by the best linear fit above and below the inflection point. Each plot presents the best two linear correlations separated by the inflection point. All correlation coefficients are >0.9 and the slopes of the linear equations below the inflection point are commonly higher than that above. The data presented in Figure 3 and Table 4 clearly define RSR inflection points occurring around 1983, with the exception of the Linjiacun station, which happened in 1975. The different correlations observed at the Linjiacun station may be attributed to less human activity occurring in the region above the Linjiacun station. To evaluate the significance of the change points of RSR, a statistical method (variance-ratio test) proposed by [35] was applied in this study. Details of the variance-ratio test are found in [26] . The test results show that RSR inflection points at the Weijiabu, Xianyang, Huaxian and Zhuangtou stations did not pass the significance test, which means that the inflection points are significant at the 5% significance level. Moreover, the RSR inflection points at the Linjiacun and Zhangjiashan stations are not significant at the 5% significance level. Most hydrological studies of the WRB suggested a variable contribution from human activity to runoff and sediment yield leading to changes in RSR [4, 32] . These studies indicated: (a) a reduced runoff producing a much lower capacity of sediment transport and an increase in the probability of sediment deposition; and (b) check dams, water reservoirs and the conversion of cropland to grassland leading to larger trapping of sediment than runoff. However, Table 3 shows that soil and water conservation programs caused the increasing reduction of runoff and sediment yield over time, except for the dam building, at the Huaxian station. Decreasing runoff took place from the 1960's to the 1990's due to water projects, whereas the latter generated a decrease in sediment yield between the 1970's and 1980's due to lower reservoir capacity produced by sediment deposition. Furthermore, a decline in sediment yield from human activity happened between the 1970's and 1980's with a The data presented in Figure 3 and Table 4 clearly define RSR inflection points occurring around 1983, with the exception of the Linjiacun station, which happened in 1975. The different correlations observed at the Linjiacun station may be attributed to less human activity occurring in the region above the Linjiacun station. To evaluate the significance of the change points of RSR, a statistical method (variance-ratio test) proposed by [35] was applied in this study. Details of the variance-ratio test are found in [26] . The test results show that RSR inflection points at the Weijiabu, Xianyang, Huaxian and Zhuangtou stations did not pass the significance test, which means that the inflection points are significant at the 5% significance level. Moreover, the RSR inflection points at the Linjiacun and Zhangjiashan stations are not significant at the 5% significance level. Most hydrological studies of the WRB suggested a variable contribution from human activity to runoff and sediment yield leading to changes in RSR [4, 32] . These studies indicated: (a) a reduced runoff producing a much lower capacity of sediment transport and an increase in the probability of sediment deposition; and (b) check dams, water reservoirs and the conversion of cropland to grassland leading to larger trapping of sediment than runoff. However, Table 3 shows that soil and water conservation programs caused the increasing reduction of runoff and sediment yield over time, except for the dam building, at the Huaxian station. Decreasing runoff took place from the 1960's to the 1990's due to water projects, whereas the latter generated a decrease in sediment yield between the 1970's and 1980's due to lower reservoir capacity produced by sediment deposition. Furthermore, a decline in sediment yield from human activity happened between the 1970's and 1980's with a decrease in runoff from the 1960's to 1990's. The timing of the non-synchronous variations in decreasing runoff and sediment yield corresponds to the RSR inflection point at the Huaxian station, which seems to confirm the validity of the double mass curve method.
Copula Function of Runoff-Sediment before and after the Change Points of RSR
Time series of runoff and sediment were divided into two periods separated by the change points of RSR passing the significance test at the Weijiabu, Xianyang, Huaxian and Zhuangtou stations. The two periods are abbreviated to P1 and P2, corresponding to the the periods before and after the change points of RSR. The θ parameter of the joint function obtained by the CML method, the Cramér-von Mises statistic Sn and p-values are listed in Table 5 . The p-value of the selected copula should be larger than 0.05. To select the appropriate copula function, the AICc (corrected Akaike Information Criterion) [36] was also used, which is more strict than the classical Akaike Information Criterion (AIC) [37] . Burnham and Anderson (2002) [38] argued that AICc should be preferred over AIC in the case of small sample sizes. These statistical results are listed in Table 5 . Clayton copula is the appropriate one for P1 at Weijiabu, Xianyang and Huaxian stations located in the mainstream WBR. Gumbel-Hougaard and Frank copula functions peform better at the Zhangjiashan and Zhuangtou stations respectively located in the tributary regions. The appropriate copula function is Frank copula at Linjiacun (1956-2010), Weijiabu (P2) and Xianyang (P2) stations.
In order to test the significance of the difference in the dependence structures between runoff and sediment yield in P1 and P2, the copula-based likelihood-ratio test (CLR) method [39] was applied to the Weijiabu, Xianyang, Huaxiang and Zhuangtou stations. The log likelihood ratio statistic Zn was obtained by using the CLR method, which was 2.72, 15.38, 8.24 and 1.51 for the Weijiabu, Xianyang, Huaxiang and Zhuangtou stations, respectively. The threshold of the Zn statistic is 9 at the 5% significance level based on [40] . Hence, the results of Zn indicates that the difference in the dependence structures between runoff and sediment yield in P1 and P2 is significant at the Xianyang station, whereas it is non-significant at the remaining stations. 
The Synchronous-Asynchronous Joint Probability of High-Low Runoff and Sediment
Any estimation has associated uncertainty [41] . In particular, the sampling uncertainty of hydrological data must be clearly assessed and taken into account in design applications [42, 43] . In recent years, there have been a few studies [41, 44] discussing this issue and proposing some algorithms for uncertainty estimation of joint probability based on the research of Serinaldi (2013 Serinaldi ( , 2015 [42, 45] . We applied a modified version of ALGO-C of Serinaldi (2013) [42] designed by Dung et al (2015) [41] for uncertainty estimation of joint probability. The method of highest density regions (HDR) proposed by Hyndman et al (1996) [46] was used to define the (1´α)-level confidence areas, implemented by the R package hdrcde [47] .
The joint probabilities of annual runoff and sediment yield for all WRB stations are shown in Figure 4 containing the 95% and 99% joint confidence areas with the joint probability P = 0.7. The joint probabilities of various runoff and sediment yield combinations at various frequencies can be obtained in Figure 4 along with possible combinations of annual runoff and sediment yield at a given joint probability. However, it can also be seen from Figure 4 that the confidence intervals are very large for the six hydrological stations in the WRB, which are relatively smaller at the Linjiacun and Zhangjiashan stations. Even so, they cover several curve levels, thus alerting us to the large variability of the estimate of joint probability. These large uncertainties also pose great challenges for water and soil resource planning and management. 
Any estimation has associated uncertainty [41] . In particular, the sampling uncertainty of hydrological data must be clearly assessed and taken into account in design applications [42, 43] . In recent years, there have been a few studies [41, 44] discussing this issue and proposing some algorithms for uncertainty estimation of joint probability based on the research of Serinaldi (2013 Serinaldi ( , 2015 [42, 45] . We applied a modified version of ALGO-C of Serinaldi (2013) [42] designed by Dung et al (2015) [41] for uncertainty estimation of joint probability. The method of highest density regions (HDR) proposed by Hyndman et al (1996) [46] was used to define the (1 − α)-level confidence areas, implemented by the R package hdrcde [47] .
The joint probabilities of annual runoff and sediment yield for all WRB stations are shown in Figure 4 containing the 95% and 99% joint confidence areas with the joint probability P = 0.7. The joint probabilities of various runoff and sediment yield combinations at various frequencies can be obtained in Figure 4 along with possible combinations of annual runoff and sediment yield at a given joint probability. However, it can also be seen from Figure 4 that the confidence intervals are very large for the six hydrological stations in the WRB, which are relatively smaller at the Linjiacun and Zhangjiashan stations. Even so, they cover several curve levels, thus alerting us to the large variability of the estimate of joint probability. These large uncertainties also pose great challenges for water and soil resource planning and management. Using nine different combinations of high-low runoff and sediment yield provided in Table 2 , we calculated the joint probabilities listed in Table 6 . The corresponding 95% confidence intervals were built by the modified ALGO-C metioned above. Using nine different combinations of high-low runoff and sediment yield provided in Table 2 , we calculated the joint probabilities listed in Table 6 . The corresponding 95% confidence intervals were built by the modified ALGO-C metioned above.
It is commonly agreed a higher joint probability of elevated runoff and sediment yield is more beneficial to the joint control of water flow and sediment deposition. However, a greater joint probability of low runoff and high sediment yield will result in sedimentation of the river channel and the reservoir, increasing the risk of flooding and decreasing the efficiency in reservoir usage. Table 6 illustrates the synchronous-asynchronous joint probabilities of high-low runoff and sediment yield in P2, showing significant variations relative to the P1 scenario at the mainstream WRB Weijiabu and Xianyang stations. The differences observed at the Huaxian and Zhuangtou stations between P1 and P2 are relatively smaller. Table 6 also provides the following conclusions:
1.
The symmetry of the Clayton, Frank and Gumbel-Hougaard copulas generates asynchronous joint probabilities of the RH-SL combination equal to that of the RL-SH combination, which are similar to that of RH-SN, RN-SH, RN-SL and RL-SN combinations.
2.
The synchronous joint probabilities of the RN-SN combination, varying from 27.46% to 35.61%, are the highest within the nine different combinations in the P1 and P2 scenarios. The sum of synchronous joint probabilities in P2 is larger than that in P1 at the Weijiabu, Xianyang and Zhuangtou stations, while it is opposite at the Huaxian station. The difference between the sum of synchronous or asynchronous joint probabilities in P1 and P2 is largest at the Weijiabu station, following the Xianyang station, while the change is small at the Huaxian and Zhuangtou stations located downstream of the Weihe River. 
Conclusions
The runoff-sediment relationship (RSR) of the entire Weihe River basin (WRB) was studied using data collected from 1956 to 2010.
The Copula function was used to assess the synchronous-asynchronous joint probabilities of high-low runoff and sediment yield, yielding the following conclusions:
(1) The annual runoff and sediment yield display decreasing trends throughout the WRB. Human activity mainly defined by soil and water conservation measures, water projects and industrial and domestic water use is the main culprit of the decreasing runoff and sediment yield. (2) The RSR inflection points principally occurred around 1983 at the Weijiabu, Xianyang, Huaxian and Zhuangtou stations, which failed to pass the significane test at the Linjiacun and Zhangjiashan stations. The inflection points are largely the result of the irregular effects of human activity on runoff and sediment yield. (3) The synchronous joint probability values of the combined normal runoff and normal sediment yield, which vary from 27.46% to 35.61%, are the highest of the nine different combinations.
The high correlation between annual runoff and sediment yield produces particularly low asynchronous joint probabilities (i.e., 0.12% to 2.79%) for the combination of high (or low) runoff and low (or high) sediment yield. The sum of synchronous joint probabilities in P2 is larger than that in P1 at the Weijiabu, Xianyang and Zhuangtou stations, while it is opposite at the Huaxian stations.
In general, the synchronous-asynchronous joint probabilities differ more significantly between periods above and below the RSR inflection points at the Weijiabu and Xianyang stations than those at the Huaxian and Zhuangtou stations located downstream of the Weihe River.
